Abstract-Breath analysis is a powerful noninvasive technique
I. INTRODUCTION

E
LEVATED nitric oxide in exhaled breath can serve as a biomarker of airway inflammation [1] . Asthma and chronic obstructive pulmonary disease (COPD), diseases that involve airway inflammation, affect millions of Americans every year. In the United States, about 15 million people have asthma of which nearly 5 million are children [2] . About 12.1 million adults over the age of 25 were diagnosed with COPD in 2001, but many others are believed to go undiagnosed [3] . Asthma is a chronic inflammation of the airways that involves airflow obstruction and increased airway responsiveness to a variety of stimuli [4] . Although asthma affects people of all ages, it often starts in childhood. Asthma is a growing medical problem with its incidence increasing in recent years. Chronic obstructive pulmonary disease (COPD) is a chronic disease of the airways characterized by a gradually increasing loss of lung function. The classification of COPD includes chronic bronchitis, chronic obstructive bronchitis, or emphysema. Cigarette smoking is the most important risk factor for COPD in the U.S. Conventional lung diagnostics of asthma and COPD include spirometry and peak flows. The spirometer measures how much and how fast a patient can expel air from the lungs after a deep breath. This test, however, cannot be used with children under the age of five, has poor sensitivity, and is not specific. Instrumentation for fast noninvasive diagnosis, monitoring, and management of lung disease, and for the evaluation of drug efficacy is needed. Patients and physicians want such devices to avoid invasive procedures, to minimize physical trauma and risk, and to lower health care costs.
Breath analysis has great potential in the diagnosis and treatment of respiratory problems, including asthma, cystic fibrosis, and chronic obstructive pulmonary disease. Through monitoring identified biomarkers of each disease, improved patient care is possible. These lung diseases are characterized by chronic inflammation of the lungs and associated with oxidative stress, a process initiated by reactive oxygen species; i.e., unstable compounds with unpaired electrons. Inflammation in the lungs causes the release of increased amounts of reactive oxygen species, damaging the lung tissues of patients with asthma or COPD.
The presence of nitric oxide (NO) and carbon monoxide (CO) in breath have been identified as biomarkers of asthma and COPD [5] , [6] . Malmberg et al. [7] found that exhaled NO is superior to other more accepted guidelines, including baseline respiratory function and bronchodilator responsiveness, in identifying preschool children with asthma. Exhaled NO is also directly correlated with extent of untreated asthma. Furthermore, research has shown that NO decreases with corticosteroid treatment [6] - [9] .
Carbon monoxide is a marker of oxidative stress, produced by the stress protein heme oxygenase [(HO)-1], and also of inflammation [6] . Increased levels of CO have been measured in asthmatics [6] , [10] . Healthy adults typically have between 1 and 3 parts-per-million (ppm) of CO in exhaled breath, the sum of inspired and endogenous CO. Endogenous carbon monoxide comes from heme metabolism in the tissues including those of the lung. The carbon monoxide is transferred from the blood stream to alveolar air and thus there is an alveolar source of exhaled CO. Questions, however, remain about the contribution of the airways to breath CO.
The elevation of CO in the breath of asthmatics compared to normal subjects is less than the elevation in NO. Although the effect of steroid treatment on exhaled CO in mild asthmatics 1530-437X/$26.00 © 2009 IEEE is negligible, when acute exacerbation of asthma occurs, CO levels increase and are reduced following corticosteroid treatment [6] . Exhaled CO is also elevated in cystic fibrosis (CF), and clinically stable CF [11] , [12] . For patients with COPD, carbon monoxide is not considered as useful a biomarker because smoking causes a significant increase in exhaled breath CO, and a large fraction of COPD patients are smokers or ex-smokers [6] , [13] .
A. Models
There has been increased interest in developing models to characterize the exchange of NO in the respiratory system [1] , [14] - [19] . It has been observed that breath NO concentration is an inverse function of flow [17] , [19] , [20] . One explanation for this inverse relationship is that the nonexpansive airway region of the lung is the primary source of the exhaled NO [19] . As flow increases, there would be an increase in the rate of washout in the fixed volume of the airways, thereby decreasing the concentration. Meanwhile, the source of carbon dioxide CO is in the expansible alveoli. Because the volume of the alveoli can change, as the alveoli shrink during exhalation, the CO in the alveolar gas remains approximately constant and is thus independent of flow [19] , [21] . NO exchange dynamics are significantly different from other well studied gases, including CO . Silkoff et al. reported a nonlinear relationship between exhaled NO and exhalation flow rate [17] with a steep slope at flow less than L/s, due to increasing diffusion of NO from airway walls. As the flow exceeded 0.02 L/s, exhaled NO was transitioned to a point of being mostly due to convection from alveoli [17] .
In a two-compartment model George et al. [15] characterize NO exchange using three flow-independent exchange parameters to describe the airway compartment and the alveolar region. The model is applied to exhaled nitric oxide measured at several different exhalation flow rates, to separately assess alveolar and bronchial NO [17] , [19] . In asthmatics, a measured increase in bronchial NO flux has been observed, while alveolar NO concentration is usually in the normal range [22] . These alveolar and bronchial NO parameters also correlate with disease severity in asthma. There is evidence that this method upon further refinement will be extremely valuable in assessing disease severity and the efficacy of treatment.
Real-time sensitive measurement techniques make possible accurate measurements and definitive studies. Better determination of the NO exchange parameters will improve the specificity of detecting altered NO exchange dynamics that differentially impact the two regions of the lungs. If these NO parameters are uniquely altered in different lung states, such as asthma, cystic fibrosis, COPD, and allergic rhinitis, as proposed by George et al. [15] , then understanding them could lead to improved clinical management of these diseases.
There are a several types of sensors now applied to measuring exhaled nitric oxide. The U.S. Food and Drug Administration has approved three commercial instruments for use as exhaled nitric oxide analyzers in the U.S. The Niox chemiluminescent device was the first to receive approval, followed by the Niox-MINO electrochemical device and Apieron solid-state gel detection device [1] . There have been questions raised about the agreement of the instruments, even between those of the same kind operated in different locations, which might be due to accuracy of flow measurement, calibration, etc. [1] . Presently available commercial NO breath analyzers also are not able to measure other exhaled gases. Exhaled carbon monoxide is often measured with electrochemical monitors or nondispersive infrared (NDIR) analyzers [5] . Although inexpensive, electrochemical systems have the problem of interference from other compounds.
Recently, there has been substantial progress in the development of laser-based systems in the mid-infrared for breath analysis. Tunable infrared laser spectroscopy is a sensitive detection method for many small molecules, including NO and CO. Until recently, these systems have typically used lead-salt diode lasers [23] , [24] . These systems have been hampered by the need for cryogenic cooling (e.g., liquid nitrogen), or the need of calibration gases which has made the deployment of such instruments in a medical environment challenging. Roller et al. at EKIPS Technologies [25] , [26] have developed a mid-IR tunable laser absorption system based on lead-salt diode lasers, operating at cryogenic temperatures, but with a closed cycle refrigerant instead of liquid nitrogen. They have applied this system to detection of NO in exhaled breath with a detection limit of 1.5 ppb in 4 s. Tittel's group at Rice University has developed a cavity ringdown spectroscopy (CRDS) instrument [27] , [28] , and a system with off-axis integrated cavity output spectroscopy (OA-ICOS) to detect nitric oxide in breath [29] , [30] . They report detection limits of 16 ppb with CRDS and 2 ppb for OA-ICOS with wavelength modulation. In both systems, the integration time was 15 s. There have also been reports of laser-based measurements of exhaled CO [31] - [33] .
Our real-time breath analysis instrument is based upon tunable infrared laser differential absorption spectroscopy (TILDAS) using room-temperature quantum cascade lasers. With these lasers we overcome many of the difficulties encountered in high-resolution infrared absorption with lead-salt tunable diode lasers. Quantum cascade (QC) lasers have greatly improved laser stability, reproducible behavior, and operate without cryogens [34] - [36] .
The QC-TIDLAS method has distinct advantages over other methods of gas analysis. Infrared absorption is an absolute technique whereby the concentration of the trace gas can be obtained from fundamental molecular parameters (line strengths, broadening coefficients, partition functions) and physical measurements (sample pressure, temperature, and absorption path length). Thus, in principle, the TILDAS method can be used without reliance on calibration cylinders or permeation sources which may vary with time, and are expensive to obtain and maintain. Combining thermoelectrically cooled (TE) detectors with TE cooled lasers yields a fully noncryogenic system. The Aerodyne Research, Inc. (ARI) QC system achieves fast response with a multipass sampling cell of small volume (0.5 l) and long pathlength (76 m) for high sensitivity. The fast response and sensitivity of this instrument supports the need to examine NO and CO formation and exchange in the different regions of the respiratory system, which may lead to the development of improved models of exchange dynamics in the respiratory airways. The identified trace species, NO, CO, CO , and N O, as well as others (e.g., C H , OCS) are indicators of different aspects of lung disease. Simultaneous quantification of Fig. 1 . ARI Breath Analyzer. The self-contained, portable system includes two mini ARI QCL instruments (black rack mounted boxes) and multi-flow sampling system (mounted behind the white panel near top of unit). Also visible are the Thermocube coolant circulator and small compressed air cylinder for balloon valves in the sampling system. A 60-L/min scroll pump is located on the bottom shelf. multiple trace species, marking different aspects of respiratory disease, is a powerful approach to the diagnosis and study of lung disease.
II. EXPERIMENTAL METHODS
A. Breath Analysis System
We have developed a fully noncryogenic laser based system for measuring gaseous components of breath. The system simultaneously measures multiple breath gases in real time. The breath analysis instrument simultaneously measures NO, CO , CO, and N O. We perform breath tests at multiple flow rates to investigate the dynamics of the components in airways. The overall system, shown in Fig. 1 , consists of two compact quantum cascade laser instruments and a multi-flow sampling manifold. All of the components, including a vacuum pump and water cooling circulator, are mounted in a single rack for portability. A laptop computer with wireless capability is used to operate two laser instruments and the breath analysis software interface. The sampling pump (Variac dry scroll IDP-3) provides subsecond time response.
The entire system can be turned on and initiated to take baseline data automatically without operator intervention. We have written a breath analysis software interface to collect patient information and automatically carry out a series of breath tests at four different exhalation flow rates. In the following sections, we will describe the main components of the system.
B. Compact Quantum Cascade Laser Instruments
The breath analysis system contains two compact quantum cascade laser instruments operated in series using a single pump and a single sampling system. Each instrument is a fully noncryogenic instrument for trace gas measurements based on a pulsed distributed feedback (DFB) QC laser and a TE cooled detector. We have designed the instrument for fast response and sub-ppb detection limits. It has a compact design in a rack mountable box of dimensions H and weight 25 kg. A detailed description of this compact, high-sensitivity instrument and its performance is given in a recent publication [37] . One may monitor different trace gases by changing the laser and possibly the detector. The two QC instruments in our system are configured with room temperature pulsed QC lasers (Alpes Lasers) for two mid-infrared regions. One instrument has a laser operating at 1900 cm for NO and CO detection. The second instrument operates at 2190 cm for CO and N O monitoring.
C. Sampling System
We have designed the system for breath analysis studies using multiple exhalation flows. Flow rates of 0.6, 3, 6, and 20 liters per minute (L/min) were selected based on modeling studies of NO dynamics [14] - [19] . By measuring the trace gas concentrations at different exhalation rates, we can investigate the sources and dynamics of NO in the airways, working with respiratory models of NO exchange such as those developed by Högman, George, and Silkoff [1] , [14] - [19] .
Different exhalation flows are obtained by breathing through different-sized orifices in the sampling line. Each of the flows is obtained at an expiratory resistance between 5 and 13 cm H O. A minimum of 5 cm H O is recommended to close off the nasal plenum [38] , preventing its contamination of the air from the lower airways. This is necessary when measuring nitric oxide in the breath as there typically are high levels of NO in the nasal passages. We have selected appropriately sized orifices for our desired flow rates and these are mounted in the sampling manifold. An automated valve system is used to select the appropriate orifice for each preset flow rate.
A sketch of the sampling system is given in Fig. 2 . We have designed a sampling system which allows for fast flows at low restrictions and comfortable exhalation pressures. Unnecessary dead volume was minimized to prevent excess delay or broadening of signals. The flow into the instrument absorption cells is maintained at a constant flow rate (2.8 slpm) by an orifice directly after the valve. This helps to avoid issues that might result from changes in cell pressure and flow during testing.
A nonrebreathing valve (NRV) in a tee configuration (Hans-Rudolph) with a bacterial/viral mouthpiece filter is used to sample the breath (see left side of Fig. 2 ). The nonrebreathing valve has two one-way valves-one is on the scrubber port and allows air to enter for inhalation, and the second valve is on the exit port to allow air to be exhaled into the sampling system but not be inhaled from there. The subject inhales air through the The lower flow pathway is connected to the instrument line by switching the valve located before the instrument orifice. The valve normally connects the larger flow pathway with the instruments. In a breath test at 0.6 L/min, the breath flow passes through the orifice (R1, equal to 0.056-cm diameter) and a mass flowmeter (TSI model 41211). Since the flow is less than the total flow to the instrument, additional NO-free air is added as a diluent. The exact dilution flow (instrument flow minus measured breath flow) is calculated to correct the measured gas concentrations.
The higher flow pathway utilizes larger diameter tubing and valves upstream of the orifices to minimize restrictions. The flow passes first through a mass flowmeter (TSI 40211) before going to the Gatlin five-way valve. We are presently using just three of the four balloon valves and exit ports with the extra port plugged. Three outputs on the Gatlin are connected to a specially designed manifold to bring all flows into a single point, minimizing dead volume. Each Gatlin output connects to a port on the manifold using a medical tapered connector. We have mounted an appropriate orifice in each port to obtain 3, 6, and 20 L/min exhalation flows at expiratory pressure of approximately 7 cm H O. The orifice diameters (R2, R3, and R4) are 0.14, 0.22, and 0.38 cm, respectively. When a particular flow is selected, the corresponding balloon valve is opened. These valves are normally inflated (i.e, closed) in the experiments. The air is released to open the valve. Flow goes through the orifice to the manifold and on to the instruments. The manifold has two additional ports: a one-way valve to release excess flow is in one port; the other has a one-way valve and scrubber in case flow falls below that of the instrument flow. A small restriction before the scrubber prevents flow from unnecessarily being drawn through it. We measure the exhaled flow through the orifices and the back pressure from the breath. As the back pressure varies, there is a corresponding change in flow. This measured flow is displayed to the subject who tries to maintain it at the target flow rate. If the exhalation rate falls below the fixed flow into the laser systems, scrubbed room air is added. If the flow is greater than the instrument flow, the excess is released into the room. The pressure in the sampling line before the instrument orifice is thus kept at atmospheric pressure.
We have automated the switching between the different flows. Each of the balloon valves is connected to the compressed air source via a solenoid valve. In the normal state, a balloon valve is connected to the compressed air and is inflated (i.e, valve is closed). When the solenoid valve is switched, the compressed air source is blocked, air is released from the balloon valve, and the valve is open. The valves are controlled by the breath analysis software interacting with the TDLWintel laser control and data acquisition program operating on one of the instruments.
D. Measurement Procedures
The breath analysis measurements are designed using the American Thoracic and European Respiratory Societies (ATS/ERS) recommendations for exhaled NO studies [38] . Briefly, NO-free air NO ppbv , obtained by passing room air through a charcoal-based scrubber, is inhaled for 2-3 s through the mouth to total lung capacity (TLC), or near TLC and then exhaled immediately. No breath hold techniques or nose clips are used. A patient exhales against an expiratory resistance while maintaining a positive mouthpiece pressure, minimizing nasal NO leakage. A constant flow is possible by biofeedback with the patient being asked to keep the flow at a fixed target flow using a real-time graphical display.
Our standard protocol is to measure four different exhalation flow rates with two or three tests performed at each flow. As described above, a nonrebreathing valve is used to sample the breath. The ATS/ERS recommends that exhalation be against an expiratory resistance of at least 5 cm H O. Each of the flows in our protocol is obtained at an expiratory resistance between 5 and 13 cm H O.
We have developed a dedicated software interface for overall instrument control and completion of measurement protocols. The program runs on a laptop computer that interacts with the two laser instruments via a wireless router. The program collects patient information, controls flow selection and therefore the valve selection, and performs data acquisition and storage. The interface stores concentration data, both measured and targeted flow rate, and the expiratory resistive pressure for each breath test. During each test, graphics are displayed to aid the patient in exhaling at the target flow rate. The volunteer is asked to exhale at the target flow for a set time period (20 s for 3 and 6 L/min; 30 s for 0.6 L/min; and 8 s for 20 L/min). After each test the concentrations, flow and pressure are each displayed as a function of time.
The breath analysis interface has two measurement options. One can either select to run the standard protocol (3, 0.6, 6, and 20 L/min target flows in that order), or choose a "flow selection" option. The latter allows any of the four flows to be selected for a test. In all of the tests presented here, the standard protocol was selected.
III. RESULTS
We have demonstrated excellent sensitivity and precision to the detection of breath components. The detection limit is determined by the instrument noise level, which is expressed as a function of averaging time. For data reported at 1 Hz, we typically obtain an RMS noise for NO of 0.2 to 0.5 ppb. Sample data for nitric oxide is displayed in Fig. 3 . In the lower panel we show an Allan variance plot, i.e., the variance as a function of averaging time. The NO concentration noise (standard deviation) with 1 s averaging is 0.30 ppb. The minimum in the Allan plot indicates the ultimate noise limit (0.05 ppb), at 198 s averaging time. This is an indication of the overall system stability. We obtain precisions of ppb Hz for NO, ppb Hz CO, and ppb Hz N O. The sensitivity is sufficient and necessary for breath analysis over a range of exhalation rates.
We have studied the flow response of the overall breath analysis system by introducing 0.5 ppm NO in nitrogen into the nonrebreathing valve where the patient normally exhales. The system is configured such that NO is measured by laser instrument 1, followed by N O and CO measured by instrument 2. Data are recorded at 10 Hz. Time response data for a sample flow rate of 3 L/min are shown in Fig. 4 . The sample gas is introduced using a solenoid valve to quickly switch between room air and cylinder gas containing 0.5 ppm NO and 130 ppb CO. The cylinder gas is introduced at the appropriate pressure to sim- Fig. 4 . System time response to change in sample gas, introduced to simulate a 3-L/min exhaled breath test. NO is measured by the first QCL instrument. CO is measured by the second QCL instrument. The gas flow of the two instruments is in series. The arrows indicate appropriate axis for the two data sets. ulate exhaled breath at the target flows. Tests were conducted at flow rates between 0.5 and 6 L/min and the delay times for the two instruments were measured as shown in Fig. 5 . There is less than 1-s delay between the instruments and the longest delay for the first instrument is 3.2 s at the slowest flow rate.
A. Breath Analysis Results
We have conducted preliminary studies with volunteers at Aerodyne Research. A total of 20 adults (17 male, 3 female) and 2 youths (1 male, 1 female) participated in the preliminary study. Informed consent was received for all participants in the study, following the IRB approved protocol. Because this was a preliminary study, we performed only breath measurements and no other medical tests. We used the system's standard protocol for each subject; that is, two or three breath tests were conducted at each of the four exhalation rates. The total time per volunteer to perform all these maneuvers was approximately 20 min.
Real-time data were collected at 10 Hz during all testing. In addition, spectra were saved during every breath. Spectra of exhaled breath at exhalation rate of 6 L/min from a healthy male are shown in Figs. 6 and 7. In both figures, the points in the transmission spectra are the measured data and the solid line is the nonlinear least squares fit. There is 18.1 ppb NO and 4.5% CO in the sample of Fig. 6 and 2 .2 ppm CO and 417 ppb N O in the sample of Fig. 7 .
During each breath we simultaneously measure four trace gas concentrations, exhalation flow, and expiratory pressure. An example of simultaneous data set collected from a healthy 32-year-old male (nonsmoker) is shown in Fig. 8 . The data were collected at an exhalation flow of 3 L/min. After completion of the breath maneuver, the valve corresponding to 20 L/min is opened to facilitate removal of residual breath sample in the system before the next test. We do not include this post-maneuver data in Fig. 8 as it is not representative of normal instrument behavior. While plateaus in NO and N O are attained, both CO and CO continued to increase during exhalation. Although we expect to see a plateau in NO, we have observed variability in the profile of N O in exhaled breath. The source of this variability is under investigation.
We compare the NO and CO levels in exhaled breath at the ATS standard NO monitoring exhalation rate of 3 L/min (i.e., 50 mL/s) for the adult subjects in our study. The levels for each of the two or three breath tests per subject are displayed in Fig. 9 as a function of subject i.d. number. The variability between tests for a particular subject is small but larger than the instrumental noise (see Table I ). In this preliminary study we observed between 9.6 and 114.5 ppb NO for adult subjects. None of the subjects reported being asthmatic, although two reported occasional asthma symptoms without a diagnosis of asthma. Subject 27 reported occasional symptoms and subject 30 reported to have seasonal allergies and associated symptoms, but not at the time of testing. Both Subjects 27 and 30 have been prescribed inhaled corticosteroids to be taken as needed. One subject (i.d. 33) reported to be asthmatic as a child, but no longer. This subject's nitric oxide level was among the high levels observed. Subject 24 with the highest measured NO among this group, reported having a lingering respiratory infection. Respiratory infections are known to increase exhaled NO [38] and may have been the source of the elevated level of NO in this case. The CO levels for all but two subjects were in the 1-3 ppm range. The two subjects with higher breath CO (i.d. 29 and 33) are smokers, with 0.6 and 8 h since last previously smoked cigarette before testing, respectively.
IV. CONCLUSION
We have demonstrated a novel laser-based instrument for breath analysis of multiple components of human breath. This new QCL system is totally cryogen free and integrated into a portable, self-contained unit. The system features the capability of simultaneous detection of multiple trace species. It has a sampling system for breath analysis at multiple exhalation flow rates for enhanced investigations of nitric oxide and carbon monoxide dynamics. Although there have been many studies and advances in the field since nitric oxide was first measured in exhaled breath, many questions remain including a need to critically study the role of NO in physiology. There is also a need to better understand exhaled CO dependence on inflammation and disease. It has been suggested that N O is a biomarker of immune response to infectious disease [39] . We plan to look at the distribution of N O levels and any relationship it may have to disease extent and type. The ARI instrument is currently deployed in a clinic in a study comparing NO, CO, and N O breath levels from pediatric and adult asthmatics, adult COPD patients, allergic rhinitis patients, and healthy subjects.
The ARI breath analysis system can be easily extended to the study of other breath biomarkers. Ethane, ammonia, ethylene, and carbonyl sulfide are among many biomarkers of disease. Cystic fibrosis patients are susceptible to chronic respiratory infections by opportunistic bacteria, which in turn produce sulfide, including carbonyl sulfide (OCS). Current techniques are limited in their ability to evaluate the presence of bacteria and are fairly invasive. A recent study by Kamboures et al. [40] , however, identified OCS as a potential biomarker of respiratory bacterial colonization in CF. A breath analyzer for OCS would be a valuable clinical tool to help prevent and treat chronic infections associated with CF . We have recently demonstrated detection of OCS using a pulsed QC laser and 76-m cell with sensitivity of 0.05 ppb. Ethane is a biomarker of oxidative stress and free radical induced lipid peroxidaton, a process in which oxidants can damage the lung tissue. Present in parts per trillion (pptv) to several parts per billion (ppbv) in breath, ethane is considered to be the most specific volatile marker of this process [41] . Lipid peroxidation has been shown to be increased in asthmatics, and patients with cystic fibrosis or COPD [42] , [43] . Like NO, it might be a predictor of asthma severity.
The medical community has recognized a need for innovative instrumentation which is able to rapidly and accurately monitor biomarkers in exhaled human breath in a noninvasive procedure. Subsecond measurements would provide the ability to map out the origin of these biomarkers, and gain critical information on the relationship of their origin and lung disease (i.e., nonaveolor versus aveolor air). The real time breath analysis instrument is based upon tunable infrared laser differential absorption spectroscopy using room-temperature quantum cascade lasers, overcoming many of the difficulties encountered using lead-salt tunable diode lasers. Noninvasive routine procedures would aid in the correct diagnosis and monitoring of the severity of these diseases and would be more accepted by patients than are invasive, sometimes painful, and costly diagnostic procedures. There is increasing interest in the medical field for using expired breath as a tool for monitoring and diagnosing respiratory diseases, as well as other diseases. The ARI breath analyzer can be adapted and applied to many different medical diagnostics applications.
